Macroscopic detrital aggregates, known as marine snow, are a ubiquitous and abundant component of the marine pelagic zone. Descriptions of microbial communities occurring at densities 2-5 orders of magnitude higher on these particles than in the surrounding seawater have led to the suggestion that marine snow may be a site of intense heterotrophic activity. We tested this hypothesis using incorporation of [3H]thymidine into macromolecules as a measure of bacterial growth occurring on marine snow from oceanic waters in the North Atlantic and from neritic waters off southern California.
Flocculent, amorphous aggregates, ranging from 0.5 mm to many centimeters in longest dimension, are a ubiquitous and often abundant component of epipelagic marine waters. Although most microscopic particles in seawater are generally sparsely colonized by microbes (Wiebe and Pomeroy 1972; Hobbie et al. 1972; Azam and Hodson 1977) , these macroscopic particles, known as marine snow, are inhabited by a rich detrital community of living phytoplankton, cyanobacteria, protozoa, and bacteria at densities two to five orders of magnitude higher than populations found freely dispersed in the surrounding seawater (Silver et al. 1978; Silver and Alldredge 198 Caron et al. 1982) . Macroscopic aggregates are enrichment sites for organic matter (Alldredge 1979) and nutrients (Shanks and Trent 1979 ) and serve as food sources for various zooplankton and fish (Alldredge 1972 (Alldredge , 1979 . Moreover, they may contribute significantly to the flux of organic matter to the deep ocean (Shanks and Trent 1980; Fellows et al. 198 1; Joint and Morris 1982) .
Descriptions of the dense populations of microorganisms inhabiting marine snow have led to suggestions that these particles may be disproportionately important as sites for the biologically mediated transformation of organic matter in the pelagic zone (Karl 19 8 2) . Macroscopic aggregates are known to be important sites for the incorporation of new carbon into neritic waters and the dense populations of phototrophs inhabiting marine snow can collectively photosynthesize at rates up to two orders of magnitude higher than the phototrophs in 68 an equal volume of surrounding seawater (Alldredge and Cox 1982; Prezelin and Alldredge 1983) . Up to 58% of the nearshore primary production may occur in association with marine snow (Knauer et al. 1982) .
Similarly, the dense populations of heterotrophic bacteria and bacterivorous protozoa on marine snow suggest that macroscopic particles may be important sites for the decomposition and remineralization of organic matter (Silver and Alldredge 198 1; Caron et al. 1982) . Rates of bacterial growth and heterotrophic uptake are high on fresh doliolid fecal material, one source of flocculent marine snow (Pomeroy et al. 1984) . However, heterotrophic activity has not been measured on other types of marine snow nor has the significance of heterotrophic activity on these macroscopic aggregates relative to the total activity in the water column been determined.
We report here on the rate of incorporation of [3H]thymidine into macromolecules by bacterioplankton inhabiting marine snow from both oceanic and neritic waters as a means of assessing the microbial activity on these particles. We compare the growth rates of particle-associated bacteria with those of bacteria free-living in the surrounding seawater and discuss the importance of macroscopic aggregates as sites of heterotrophic bacterial production in the euphotic zone.
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Materials and methods
Field collection of marine snow-Marine snow was collected by divers from depths of 7-l 5 m in 'continental shelf waters, slope water at the edge of Warm Core Ring 82B, and in the Gulf Stream in the North Atlantic during May 1982 and in neritic waters off southern California, 2 km south of Santa Cruz Island (3 3'5 6'N, 119"3 8'W) during July 1983. In the Atlantic 20-50 aggregates were collected at each station in sterile 20-ml plastic syringes. Off California 300-500 aggregates were collected at each station by drawing the particles consecutively into a 1 -cm-diameter, sterile Tygon tube attached to a plastic syringe containing a one-way valve. Two milliliters of seawater were drawn into the tube with each aggregate. The aggregates did not travel through the syringe in this later method and were not disrupted by collection, Aggregate volumes were estimated by comparing the aggregates inside the tube with graduated markings on its exterior. Only aggregates estimated visually to be at least 3 mm in diameter were collected so that adequate quantities of material were taken during each dive.
We determined the density of macroscopic aggregates 3 mm or larger in diameter in surface waters off California with a handheld General Oceanic digital flowmeter (model 2030) containing a slow-speed rotor and attached sidearm supporting a 4.2-cmdiameter loop . Abundances of snow in the Atlantic were not measured directly but maximum densities were estimated visually by divers by estimating the number of particles in an approximated volume of seawater before the diver's eyes. Surrounding seawater was also collected by the divers at both the California and Atlantic stations in 4-liter polypropylene containers or in syringes. Immediately after each dive, samples were returned to the ship and kept at ambient seawater temperature.
Aggregates collected in Tygon tubing were gently gravity fed into a sterile, 600-ml beaker, mixed gently, and pipetted with a large-bore pipette into experimental containers. Aggregates collected in syringes were gently pipetted with a minimum of surrounding seawater into experimental vessels containing Millipore-filtered seawater (0.45-pm pore size).
Radioisotope measurements -Incorporation of [3H]thymidine into macromolecules was measured with the method of Fuhrman and Azam (1982) . Two-five 20-ml replicates each of seawater and marine snow from California stations or 2-5-ml replicates from Atlantic stations were incubated for 2-4 h at in situ temperature (17"C, California; 18"-22"C, Atlantic) after the addition of [3H]thymidine (California: 8.6 nM final sample concentration of stock with a specific activity of 80.1 Ci mmol-l ; Atlantic: 5 nM final concentration with a specific activity of 79.2 Ci mmol-l). Each sample of marine snow contained 1 O-50 particles. Two additional samples of snow and seawater contained 0.2% Formalin as adsorption controls. After incubation, samples were extracted with an equal volume of ice-cold 10% trichloroacetic acid and filtered, as described by Fuhrman and Azam (1982) , through 25-mm-diameter, 0.2-pm Gelman membrane filters. Filters in 10 ml of PCS scintillation cocktail (Amersham) and 1 ml of ethyl acetate were counted on a Beckman LS 6800 (California) or a Beckman LS 3000 (Atlantic) scintillation counter. The number of moles of thymidine incorporated was calculated using the formula: moles = dpm (SA)-1 4.5 x 10-l" where dpm is the disintegrations per minute on the filter, SA is the specific activity of the thymidine solution in Ci mol-', and 4.5 x 1 O-l3 is the number of Curies per dpm. Blank values from controls killed with 0.2% Formalin were subtracted. Background values for surrounding seawater, assuming that 90% of the volume of each snow sample was seawater as determined from aggregate volumes, were subtracted from marine snow samples collected off California.
Kinetic analysis for thymidine over a detailed time-course was performed at one station in the Gulf Stream. Identical subsamples of a previously mixed marine snow collection were incubated with [3 H] thymidine as above and samples were removed at times from 0.5 to 10 h. The rate of incorporation did not vary significantly with time and gave us confidence that our 2-4-h incubations were not too long.
Bacterial populations-Samples of marine snow and seawater were preserved in 2% Formalin or 1% glutaraldehyde and later stained with acridine orange or DAPI (4'6-diamidino-2-phenylindole) and counted by epifluorescence microscopy (Porter and Feig 1980) . DAPI was used at a final concentration of 1 .O pg ml-I. Bacteria were stripped from the snow particles collected off California by incubating hand-shaken snow samples with an equal volume of 0.002 M sodium pyrophosphate for 10 min and then sonicating for 15 s at setting No. 4 on a sonifier cell disruptor (model W185: Branson Ultrasonics Corp.). This method effectively disperses bacteria attached to kelp fronds and detritus without disrupting the bacterial cells (Velji and Albright pers. comm.) and had not yet been developed when the Atlantic samples were counted. Twenty fields were counted on each of three replicate slide preparations of each sample. Background counts, assuming 90% of the volume of marine snow samples to be seawater, were subtracted for California samples. Cell size was measured from black and white photographs of the acridine orange slide preparations (Fuhrman 198 1) . Cell volumes were calculated assuming cells to be spheres, ellipsoids, or rods.
Results
Abundances of marine snow particles 3 mm or larger in longest dimension ranged from 0.1 aggregate liter-l in the Gulf Stream to 4.3 liter-l in neritic waters off California (Table 1) . Densities of bacteria ranged from 18.3 to 2,780 x lo5 per aggregate on marine snow from the North Atlantic, with lowest values at the edge of a warm core ring and highest values in the Gulf Stream. The large differences in bacterial density on these particles are undoubtedly due, at least in part, to the different sources of marine snow at the various stations. For example, marine snow at the warm core ring stations may have resulted from the feeding activity of very dense populations of ctenophores (Pleurobrachia sp. and Beroe sp.). In contrast, the mucus feeding webs of pteropods (Corolla sp.) and discarded houses of the mesopelagic appendicularian
Bathochordaeus charon (Barham 1979 ) constituted most of the aggregate material observed at the Gulf Stream stations. This last source of marine snow resulted in aggregates > 20 cm in diameter and the entire aggregate was therefore not collected in the sampling syringe.
The densities of bacteria inhabiting marine snow from California waters were con- siderably lower than those in the Atlantic, ranging from 12.5 to 16.6 x lo5 bact agg-1 (Table 1) . Marine snow was small at these stations, with a mean volume (estimated by pipetting a few individual particles into a 2-ml pipette) of only 0.2 ml agg-I. Moreover, sampling off California occurred during a period of low nutrient conditions associated with the 1983 El Nifio. Bacteria free-living in the surrounding seawater were also relatively sparse, ranging from 1.84 to 2.39 x lo5 bact ml-l. Although we did not measure snow densities directly in the Atlantic, we calculated the proportion of the total bacteria in surface waters inhabiting marine snow assuming maximum densities of 0.1 aggregate per liter for the Gulf Stream stations and 1 .O per liter for the continental shelf and warm core ring stations. These estimates of particle density based on divers' observations, are considered to be the upper limit for actual particle densities. Even if we assume these maximum abundances, the number of bacteria inhabiting marine snow represents only O.l-4.4% of the total number of bacteria in surface waters of the North Atlantic (Table 1) . Likewise, although bacteria were 30-37 times more abundant on marine snow than in an equal volume of surrounding seawater off California, aggregate densities were low. Thus, ~3% of the total number of bacteria occurred in association with snow at the California stations (Table 1) .
Incorportaion of [3H]thymidine by microorganisms inhabiting marine snow varied by 50-fold over the range of environments sampled (range = 0.2-9.9 x lo-l4 mol agg-l h-l; Table 2 ). Even at a single sampling location in neritic waters off California [3H]thymidine incorporation by microorganisms on marine snow varied by more than an order of magnitude over a 6-day period (range = 0.4-4.7 x lo-l4 mol agg-l h-l). A tidal front passed back and forth across this station during that time, accounting for some of the variability. Rates of incorporation into marine snow were 3-95 times those into an equal volume of surrounding seawater at the California station. Incorporation rates for the North Atlantic samples were comparable to those for aggregates off California. Despite the relatively high incorporation rates of particle-associated microorganisms (on a vol: vol basis), ~3% of the total [3H]thymidine incorporation in surface waters in the North Atlantic and off California was on marine snow. This results, primarily, from the small contribution which marine snow makes to the total volume of surface waters ( Table 2) .
The [3 HIthymidine incorporation per bacterium on marine snow varied considerably from 0.3 1 to 34.3 1 x 10e21 mol cell-' h-l. However, except for one station in California and one in the Atlantic, thymidine incorporation per bacterium was 1.1-30 times lower on marine snow than in the surrounding seawater (Table 2) .
Bacteria on marine snow were significantly larger than those free-living in the surrounding seawater at all stations. Bacteria on marine snow from neritic waters off California had a mean length (& 1 SD) of 1.55kO.7 pm and a mean width of 0.91+0.43~mascomparedwith l.OlkO.52 pm and 0.49kO.22 pm for the length and width of free-living bacteria. Bacteria on marine snow had a volume of 1.02 + 1 .O pm3 cell-l, five times that of bacteria in the surrounding seawater (0.18 + 0.16 pm3 cell-'; P < 0.001; Student's t-test, df = 80). At the Atlantic stations, bacteria on marine snow had a mean length of 4.4 + 3 pm and a mean width of 0.620.5 pm. The average volume was 0.83 + 1.7 pm3 cell-1 and volumes ranged from those no larger than ambient seawater bacteria (0.033 pm3 cell-', 22%) to very large rods (10 pm3, 1%). The freeliving bacteria were exceedingly small and difficult to measure accurately. We estimated that the average bacterium was a sphere, 0.4 pm in diameter, and had a mean volume of 0.033 pm3 (Watson et al. 1977; Ferguson and Rublee 1976) , 25 times smaller in volume than bacteria attached to snow. Even our shelf station had very small bacteria, due to an intrusion of Gulf Stream water. Differences in the average size and cell volume of bacteria on marine snow and in the surrounding seawater were reflected in the numerical distribution of morphological types of bacteria (observed by epifluorescence microscopy). For example, the bacterial populations in the marine snow samples from the North Atlantic on average were composed of 55.6% cocci (coccoid and coccobacillary forms) and 44.4% rods (straight or sigma-shaped forms), the bacterial populations in the surrounding seawater were 70.3% cocci and 29.4% rods. A higher proportion of the larger-volume rod-shaped cells in the marine snow samples accounted for the larger average cell volume of the bacteria inhabiting aggregates. We calculated production rates of bacterial carbon by multiplying the mean cell volume by the carbon content per unit volume (assumed to be 0.12 pg of C pm-3: Fuhrman and Azam 1980) by 1.4 x lOI cells produced per mole of thymidine incorporated (Hobbie and Cole 1984) . Production of bacteria on snow ranged from 0.32 to 13.8 ng C agg-l h-l. These values were multiplied by the abundance of snow particles per liter to obtain an estimate of the production per liter occurring on marine snow. This ranged from 0.3 to 31 ng C liter-l h-l on snow and from 7.8 to 223 ng C liter-' h-l in seawater (Table 3) . Because of their larger size, bacteria inhabiting marine snow contributed more toward the production of microbial carbon than their abundances had suggested. In surface waters off California l-l 3.4% of total bacterial pro-duction occurred on marine snow, 3.5-26% at the Atlantic stations. A mean of 8 a7% of total bacterial production occurred on snow averaged over all stations.
Discussion
Detrital particles and inert surfaces have been thought to provide an organic-rich microenvironment for enhanced bacterial growth (Jannasch and Pritchard 1972; Seki 19 7 2) . Macroscopic particles, in particular, were considered especially enriched environments for microorganisms because their large size allows for the development of a distinct chemical microenvironment differing from that of the surrounding seawater (Shanks and Trent 1979) . The enrichment of bacteria on marine snow to densities 1 O-100 times those in an equal volume of surrounding seawater has led several investigators to conclude that macroscopic particles may be a significant site for the cycling of organic matter in the pelagic zone (Silver and Alldredge 198 1; Caron et al. 1982) . For example, Caron et al. (1982) found densities of bacteria up to 100 times higher than those in the surrounding seawater in the Sargasso Sea. Enrichment factors in this study ranged from 2 to 55 times the density of free-living bacteria.
Factors other than elevated densities of bacteria have also suggested that marine snow particles may be sites of enhanced microbial activity in the pelagic zone. Marine snow can have larger populations of bacterivorous protozoa than the surrounding seawater (Caron et al. 1982; Silver et al. 1984) , suggesting a rapidly growing bacterial population. These aggregates also have high concentrations of dissolved inorganic P and N (Shanks and Trent 1979) with rates of nutrient regeneration much greater than those of equal volumes of surrounding seawater (Glibert pers. comm.).
These observations have resulted in the hypothesis that bacteria associated with marine snow in the ocean may play an important role in the overall productivity of bacteria in pelagic communities. However, the contribution of attached bacteria to heterotrophic activities in the water depends not only on the abundance and size of attached bacteria but also on their metabolic activity and on the abundance of their particulate habitats. We expected bacteria inhabiting marine snow to be metabolically quite active, given the observations noted above. Our data, however, suggest that bacterial populations on marine snow from both neritic and oceanic regions are generally no more active than unattached cells. Although thymidine incorporation was enriched by an order of magnitude on marine snow particles over that in equal volumes of surrounding seawater, this enrichment was not as great as predicted from the densities of bacteria inhabiting the particles. In fact, with two exceptions, thymidine incorporation per bacterium was up to 30 times lower in bacteria on marine snow than in free-living populations.
These field results differ from the relationship between large bacterial cell size and high metabolic activity seen in some bacteria grown in the laboratory (Pierucci 1978; Larsson and Hagstrom 1982) . However, they are in agreement with the finding of Kirchman (1983) that larger bacteria inhabiting particles in ponds during summer had relatively low rates of thymidine incorporation but high rates of uptake of 14C-labeled glucose, glutamate, and acetate. He suggested that attached bacteria may have a higher metabolic activity and larger size due to the production of extracellular polymers but may divide less frequently, resulting in low growth efficiency. Both our data and his suggest that the linear relationship between cell size and growth rate may not hold for these very large cells from natural populations. The larger size of bacteria attached to marine snow suggests that these bacteria differ considerably from freeliving forms in their adaptations and in their taxonomic affiliations.
In addition to their low rate of thymidine incorporation, bacteria inhabiting marine snow were less numerous than free-living bacteria due to the relative rarity of their particulate habitats. Thus, their contribution to total thymidine incorporation was also low, a result consistent with many previous demonstrations of the low heterotrophic activity of attached bacteria in seawater. Azam and Hodson ( 1977) found that 90% of the heterotrophic activity in sea-water was associated with unattached bacteria and attributed the magnitude of this activity to the much higher abundance of free-living than of attached forms. Ducklow and Kirchman (1983) found that attached bacteria in Atlantic shelf waters consistently incorporated less thymidine per cell than free-living bacteria and accounted for about 10% of total bacterial production. Hanson and Wiebe (1977) found that the significance of attached bacteria differs greatly with location: > 80% of heterotrophic activity as determined by [14C]glucose uptake was associated with attached bacteria in creek, river, and coastal waters while 80% of the heterotrophic activity in oceanic waters (the Gulf Stream) was associated with free-living forms. Several investigators have noted that most bacteria in oceanic waters are not attached (Wiebe and Pomeroy 1972; Azam and Holm-Hansen 1973; Ferguson and Rublee 1976) .
Although we found that only a small percentage of total thymidine incorporation in seawater occurred in association with marine snow, owing to the low abundance of aggregates, the much larger size of attached bacteria resulted in a low (< lo%), but significant, contribution of attached bacteria to total production. At one station on the continental shelf in the Atlantic, this contribution was 26%, suggesting that marine snow may occasionally be a significant site of bacterial production.
The calculation of bacterial production from rates of thymidine incorporation depends on numerous assumptions (see Riemann et al. 1982; Ducklow et al. 1982; Kirchman 1983 ) which may not have been met in our experiments. Particularly troublesome is the possibility that the snow environment contains large quantities of thymidine. If true, we would underestimate the actual activity of the thymidine and, therefore, underestimate thymidine incorporation. This possibility seems unlikely, however, as we could demonstrate apparent kinetic saturation in samples near 2 nM liter-l of thymidine (data not shown). Another possibility is that snow-inhabiting bacteria do not physiologically assimilate thymidine from surrounding waters; we have no data to refute this argument. As most bacteria studied so far do transport thymidine in the 2-10 nM concentration range (Fuhrman and Azam 1980) , we assumed that bacteria inhabiting snow also assimilate thymidine. Marine snow particles may also act as diffusion barriers, leading to further underestimation of [3H]thymidine incorporation and production. Furthermore, we do not know the fate of the [3H]thymidine label when labeled bacteria are consumed. If a significant amount of the label is released by bacterivores then thymidine incorporation will be underestimated in marine snow since these aggregates are typically sites of intense bacterivory (Silver et al. 1984; Pomeroy et al. 1984) . Finally, the standard conversion factor of l-2 x 10 l8 cells produced per mole of thymidine incorporated may underestimate bacterial production in the open ocean and possibly on particles. Open ocean bacteria grow rapidly and require a higher conversion factor (Ducklow and Hill 1985b ). However, our major conclusion is that microbial activity on marine snow is generally a small fraction of the microbial activity in the water. Even given the uncertainties in methodology, this conclusion is supported by our data. For example, if microbial activity on the snow were an order of magnitude greater than we estimated it to be, it would still account for only about half of total microbial production in the water at most of our stations.
Thymidine incorporation per cell by attached bacteria was 2-3 times that of bacteria free in the surrounding seawater at two sampling stations, indicating that bacteria on marine snow may at times be more active than unattached cells. The age of the snow particles may be a major factor in determining the metabolic activity and growth of bacterial populations inhabiting them. Pomeroy and Deibel (1980) and Pomeroy et al. (1984) found that bacterial populations inhabiting fresh fecal pellets produced by doliolids, one type of marine snow particle, increased rapidly in the first 24 h following particle formation. After 24 h, protozoan grazers invaded the particles and by 50 h most of the microbial activity had ended. We cannot estimate the age of the marine snow collected in our study. However, those particles containing bacteria with a high thymidine incorporation rate per cell may have been collectively younger with more actively growing microbial communities. The evidence for very rapid utilization of freshly produced marine snow by its internal microbial community, coupled with the wide range of bacterial growth rates occurring on macroscopic aggregates collected at random times from the field in this study, suggests that the marine snow collected in surface waters may contain microbial populations in various metabolic states from actively growing to near quiescence, depending on the amount of labile organic material remaining in the aggregate and the aggregate's age.
The microbial communities inhabiting marine snow may make a significant contribution to heterotrophic processes in surface water during the first few days after particle formation, especially if macroscopic particles are abundant. Blooms of mucus-producing zooplankton including appendicularians, doliolids or pteropods, blooms of chain-forming diatoms, or other snow-forming events may produce abundant marine snow episodically. During such events, marine snow may be a significant site of heterotrophic activity. Our study did not include such an event. The two stations having high thymidine incorporation per bacterium on snow did not exhibit corresponding high abundances of snow nor large contributions of snow to total bacterial production. Moreover, densities of free-living bacteria from neritic waters off California were relatively low compared with literature values (Fuhrman and Azam 1980) . Densities of bacteria attached to snow were also low. Although the thymidine incorporation per free-living bacterium was similar to that reported for the neritic waters off California , low densities of bacteria and marine snow may have resulted from our sampling during the 1982-1983 El Nina. Conditions at the July station were oligotrophic with almost undetectable nutrient levels and low primary production (Prezelin pers. comm.). The density of free-living bacteria in the Atlantic are consistent with literature values for this environment (Ferguson and Rublee 1976; Davis et al. 1985; Ducklow and Hill 1985a) . Bacteria on macroscopic aggregates in the Atlantic constituted a small percentage of the total bacterial density because of the low density of zooplankton which typically gives rise to marine snow in these environments.
We therefore conclude, from our results, that production by bacteria attached to macroscopic aggregates generally constitutes a small percentage of the total bacterial production of surface waters. The importance of bacteria on marine snow was apparently not due to higher metabolic activity per cell but rather to the larger carbon content of these bacteria relative to freeliving cells. However, our study concerned only particles > 3 mm in size, and we cannot speculate on the importance of bacteria attached to particles smaller than this or on how activity on these smaller particles might increase the relative importance of attached bacteria to total bacterial production. In addition, although we found the overall contribution of bacteria on marine snow to be relatively small, their importance on the microscale may be quite significant (Goldman 1984) . Thymidine incorporation in our study was an order of magnitude higher on marine snow particles than in an equal volume of surrounding seawater. Therefore, on a per-volume basis marine snow particles constitute microenvironments of highly elevated microbial activity and thus may be an important aspect of microbial plankton ecology.
